INTRODUCTION
Sensorimotor function relates to the control of posture and movements (Treleaven, 2008) . The contribution of cervical muscles to sensorimotor function has been emphasized with regards to the density of muscle spindles that reflect a well-developed proprioceptive system (Dutia, 1991; Boyd-Clark et al., 2002) , and cervical muscles play a major role in motor control of the head and neck (Dutia, 1991; Peterson, 2004; Armstrong et al., 2008) , eye movements (Karlberg et al., 1991) , and bipedal posture during quiet standing (Vuillerme et al., 2005) .
The ability to reposition the head in a neutral position after active head movements has been used to indirectly assess impairment in sensorimotor function originating from the neck (Revel et al., 1991; Loudon et al., 1997; Heikkila and Wenngren, 1998; Kristjansson et al., 2003; Treleaven et al., 2003) . Larger than typical errors in head repositioning accuracy (HRA) have been reported in individuals with neck disorders (Revel et al., 1991; Loudon et al., 1997; Kristjansson et al., 2003; Treleaven et al., 2003) ; although the results are controversial (Rix and Bagust, 2001; Hill et al., 2009) ; without a consensus on the best method (Strimpakos, 2011) . The original test used a laser to assess HRA (Revel et al., 1991) , a method that has since been widely used (Heikkila and Wenngren, 1998; Vuillerme et al., 2008; Pinsault and Vuillerme, 2010) and that exhibits good reliability (Pinsault et al., 2008a) and validity (Pinsault et al., 2008b; Roren et al., 2009) . As an alternative method for assessment of HRA, the Cervical Range of Motion (CROM) device has been used in several studies with reported good reliability (Loudon et al., 1997; Dumas et al., 2001; Uremovic et al., 2007) . Individuals with cervical radiculopathy caused by disc disease (CDD) display reduced physical functioning and overall health (Peolsson et al., 2002; Daffner et al., 2003; Ylinen et al., 2003; Peolsson and Kjellman, 2007) . Assessment of HRA is recommended in individuals with neck pain (Humphreys, 2008; Treleaven, 2008; Kristjansson and Treleaven, 2009 ), but to our knowledge, studies reporting this assessment have not previously been carried out in individuals with CDD.
The CROM device possesses several advantages for clinical practice because it can be managed by one rater and requires no advanced time-consuming calculations, but the test-retest reliability and measurement error of the CROM device for assessment of HRA in individuals with CDD are unknown (Mokkink et al., 2010) . Knowledge about assessment of HRA with the CROM device in neck-healthy individuals is also limited (Loudon et al., 1997) , and the device has not been compared to a laser which might be considered the gold standard for clinical practice (Roren et al., 2009 ).
The present study had two specific purposes. The first was to compare assessment of HRA with the CROM device between individuals with CDD and neck-healthy individuals. The second was to evaluate the test-retest reliability of the CROM device in individuals with CDD, and criterion validity between the CROM device and a laser in neck-healthy individuals, with quantification of measurement errors.
METHODS

Participants
The present experimental study included one sample of individuals with CDD, and two samples of neck-healthy individuals. Participation was voluntary, and participants provided written informed consent. The regional ethical review board approved the study.
Individuals with cervical radiculopathy
Individuals with CDD were referred to neck surgery and consecutively recruited from a neurosurgery department at a University Hospital in Sweden. Inclusion criteria were age 18-65 years and an association between clinical findings and verified CDD on MRI.
Individuals with previous surgery, earlier fracture or luxation of the cervical spine, malignity or spinal tumor, myelopathy, systematic disease, diagnosis of fibromyalgia or generalized myofascial pain, persistent or recurring severe back pain, diagnosed psychiatric disorders, alcohol or drug addiction, or lack of familiarity with the Swedish language were excluded. Seventy-one individuals with CDD participated in the study (38 men; 33 women; mean age 50 years, standard deviation (SD) 10.0 years) ( Table 1) .
Twenty-four individuals (14 men; 10 women; mean age 51 years, (SD) 8.4 years) (Table 1 ) also contributed to the evaluation of the test-retest reliability and measurement error of the CROM device in individuals with CDD.
Neck-healthy individuals
Individuals permanently employed at a hospital were stratified according to sex and age and randomly selected (computerized random list developed by a statistician) to be asked to volunteer in the comparative study of HRA assessment using the CROM device between individuals with CDD and neck-healthy individuals (640 individuals; 340 men; 300 women). A total of 149 individuals (75 men; 74 women) met the inclusion criteria of no self-reported current neck disorders (score on the Neck Disability Index (NDI) < 20% (Fairbank et al., 1980) , pain on the visual analogue scale (VAS) ≤ 10 mm (Croft et al., 1998) , and no recurrent neck or low back pain, inflammatory joint disease, or other systemic disease during the last three years; 10 of the recruited men were unable to attend the testing. The sample was filled with 34 individuals (employees and students from a university) to include at least 80 men and 80 women (20 individuals in each of the following age intervals: 25-34, 35-44, 45-54 and 55-64 years) . The final sample included 173 individuals (86 women; 87 men; mean age 44 years, SD 12.0) ( Table 1) . A convenient sample of 12 neck-healthy individuals (10 women; 2 men; mean age 42 years, (SD) 8.5 years) ( Table   1 ) was recruited from employees at a university for participation in the criterion validity study between the CROM device and laser. The neck-healthy individuals differed significantly from individuals with CDD in age, body mass index (BMI) and level of physical activity (p < 0.001).
Measurements
Background data
Individuals completed the NDI (Vernon and Mior, 1991) , reported pain intensity on the VAS (Harms-Ringdahl et al., 1986) , and estimated their daily physical activity and their weekly practice of exercise, sport, and open-air activities during the preceding12 months. Answers to the two questions were interpreted on the basis of a four-point scale (1= inactivity, 2= low activity, 3= moderate activity, 4= high activity) in accordance with a previous study . A self-reporting measure for assessment of physical activity has been evaluated accurate and reliable when compared to objective quantification (Babor et al., 2004) .
Assessment of head repositioning accuracy with the CROM device
Assessment of HRA with the CROM device was performed according to a previous protocol (Loudon et al., 1997) . Individuals were seated in an upright position on a stool with no backrest with the CROM device on their head, and both feet on the floor. A self-chosen neutral head position (NHP) was established as the starting and reference positions, and the CROM device was adjusted to zero in the primary plane of movement. Individuals were instructed to close their eyes, memorize the starting position, actively rotate their head 30°, and reposition their head to the starting position with a maximum of precision but no requirements for speed. HRA was measured as the difference in degrees in the primary plane of movement between the starting and the return positions because this protocol previously proved valid for detecting differences in HRA between neck-healthy individuals and individuals with neck disorders (Revel et al., 1991; Treleaven et al., 2003) . Individuals performed three repetitions within 60 s in each rotation direction, providing a total of six trials. The assessments were performed by two physiotherapists and three students from the Department of Physiotherapy, all of whom were previously trained in the testing procedure.
Test-retest reliability and measurement error of the CROM device in individuals with cervical radiculopathy
Test-retest reliability and measurement error for the CROM device in individuals with CDD (n = 24) were determined by two repeated measurements. One physiotherapist performed the measurements within a 1-hour interval.
Criterion validity and measurement error between the CROM device and laser in neckhealthy individuals
Criterion validity and measurement error between the CROM device and laser in neckhealthy-individuals (n = 12) were evaluated with the CROM device and laser simultaneously assembled on each individual´s head according to previously described protocols (Revel et al., 1991; Loudon et al., 1997) (Figure 1 ). The starting and reference NHPs for the laser were marked on plotting paper mounted on a wall 1 m away, and the CROM device was concurrently adjusted to zero in the primary plane of movement.
Individuals were instructed to switch on the laser with a handheld button when they returned to the starting position. Two raters participated in the study to allow simultaneous assessment of HRA with the CROM device and laser. One rater marked the location of the return positions on the plotting paper and the second rater registered the degrees of error in HRA on the CROM device. Individuals performed a total of eight consecutive repetitions in each rotation direction, providing a total of 16 trials.
NHP was adjusted before changing rotation direction (Pinsault et al., 2008a) . The instruments were randomly allocated between the two raters; however, the raters assessed both instruments after switching places. The repositioning marks on the plotting paper represented the global error for each trial and were described with (x;y) coordinates with the coordinates on the x-axis representing the repositioning error in the primary plane of movement. The distance in centimeters between NHP and the coordinate on the x-axis for each return position was transformed to a measure in degrees with the use of the trigonometric formula tan-¹ (OP/OH) where OP was the distance of 1 m between the laser and the wall with the plotting paper.
Statistical analysis
HRA was calculated in individuals as the mean of the absolute errors of repeated repositioning trials in both rotation directions, and expressed for groups with median (Mdn), interquartile range (IQR), mean value and standard deviation (SD). Since the results of the Kolomogorov-Smirnov test showed the data not to meet the assumptions of normality, non-parametric statistics were used. For difference between age groups, the Kruskal-Wallis test was used. For differences between sex and between individuals with CDD and neck-healthy individuals the Mann-Whitney U was used, and the Wilcoxon signed rank test for differences between rotation directions. A criterion for impairment in HRA is necessary both for group comparison in research and individual assessment in clinical practice, and a cut-off value was determined using the upper 90 th percentile of the mean of the maximal error in HRA in neck-healthy individuals (Peolsson and Kjellman, 2007) . Maximal error in HRA was the larger error measured (Figures 2 and 3 ) (Bland and Altman, 1986) .
RESULTS
Head repositioning accuracy in neck-healthy individuals HRA (Mdn, IQR) in neck-healthy individuals (n = 173) was after rotation to the right 1.7° (2.7), and after rotation to the left 1.3° (2.7) ( Table 2) (Table 3) .
DISCUSSION
The main purpose of the present study was to compare assessment of HRA using the CROM device between individuals with CDD and neck-healthy individuals. The observed statistically significant difference in HRA is consistent with findings from previous studies that included individuals with other types of neck disorders (Revel et al., 1991; Loudon et al., 1997; Heikkila and Wenngren, 1998; Kristjansson et al., 2003; Treleaven et al., 2003; Roren et al., 2009) . The current values for HRA also are similar to those reported in a study comparing individuals with whiplash-associated disorders to neck-healthy individuals in which mean HRA was respectively 3.6° and 2° after rotation to the right and 4.1° and 2.5° after rotation to the left (Treleaven et al., 2003) .
Comparison of our results for HRA with those of other studies should nevertheless be done with caution considering the use of different assessment methods and statistical analysis (Loudon et al., 1997; Roren et al., 2009) , and that no other study was identified that included individuals with CDD.
Our results for HRA with the CROM device in neck-healthy individuals are consistent with those of other studies reporting no effect of age and sex on HRA (DemailleWlodyka et al., 2007) . However, the influence of age on HRA is controversial (Teng et al., 2007; Vuillerme et al., 2008) and thus could still represent a source of bias in the present study considering that individuals with CDD were significantly older. Individuals with CDD had higher BMIs, were less physically active, and there was a small imbalance in sex compared with the neck-healthy individuals, but these differences are not expected to have influenced the results since HRA has not been associated with demographic variables.
The frequency of HRA impairment reported in individuals with CDD in the present study was lower than that reported in a study that included individuals with whiplashassociated disorders and that classified 59% with HRA impairment (Treleaven et al., 2006) . Results should nevertheless be compared with caution considering the use of different assessment methods and criterion for HRA impairment. HRA impairment in individuals with neck pain has commonly been associated with dysfunction in sensory input from cervical muscle spindles (Revel et al., 1991; Treleaven et al., 2003; Treleaven et al., 2006) , although the underlying mechanisms remains unknown (Peterson, 2004; Humphreys, 2008) . Impairment in HRA in the present study may reflect compromised sensorimotor function in individuals with CDD. HRA impairment has been associated with dizziness (Treleaven et al., 2003) , problems in oculomotor and balance function (Heikkila and Wenngren, 1998; Treleaven et al., 2006) , and pain in the upper cervical region (Treleaven et al., 2011) . No association between background variables and HRA was found in the present study, and the interpretation of our findings is limited.
To minimize the effect of fatigue and pain on HRA in individuals with CDD (Pinsault and Vuillerme, 2010; Strimpakos, 2011) , and because many patients with CDD have limited cervical range of motion (Peolsson et al., 2002) , the range of motion during active cervical rotation was standardized to 30° (Uremovic et al., 2007) in this study. In addition, the number of trials was limited to three in both rotation directions (Loudon et al., 1997; Treleaven et al., 2003; Treleaven et al., 2006) . More repetitions have been recommended to improve the reliability of HRA measurement (Swait et al., 2007; Pinsault et al., 2008a) , but more repetitions could possibly have increased pain in individuals with CDD and negatively influenced the measurements. If a maximal cervical range of motion had been used, the results for HRA as well as the frequency of individuals classified with impairment in HRA might have been different. A difference in the number of participants in the two samples is a limitation and was directly related to the number of individuals with CDD recruited in the study.
ICC values, SEM, and 95% LOA should be interpreted as characteristics of an instrument used in a population (Weir, 2005) . Our results suggest that the CROM device can be used to quantify impairment in HRA with some acceptable level of reliability in individuals with CDD (Weir, 2005) , and in a manner comparable to a laser in individuals with neck pain (ICC = 0.68) (Roren et al., 2009) . However, the SEM data indicate a level of variability with the CROM device that may overlook small impairments in HRA and question the use of the CROM device to evaluate true changes in HRA over time (Weir, 2005) . The criterion validity between the CROM device and laser in neck-healthy individuals was questionable. Given the small samples, parameters of reliability, validity, and measurement error reported in the present study should be interpreted with caution. More extensive methodological studies considering measurement properties of the CROM device for the assessment of HRA may be necessary. Results are presented for the two raters assessing each instrument.
